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INTRODUCTION 
One of t h e  d e s i q n  r e q u i r e m e n t s  of t h e  Space T r a n s p o r t a t i o n  System (STS) v e h i c l e s  
03 d i c t a t e d  t h a t  t h e  v e h i c l e s  be c a p a b l e  of c o n t r o l l e d  f l i q h t  d u r i n q  e n t r y  throuqh the 
e n t i r e  f l o w  reqime from f ree -molecu le  throuqh h y p e r s o n i c  t o  s u b s o n i c  f low.  The re- 
s u l t i n g  v e h i c l e  r e sembles  i n  many ways a c o n v e n t i o n a l  a i r c r a f t  i n  that it is a winqed 
s p a c e c r a f t  w i t h  elevons,  v e r t i c a l  t a i l ,  r u d d e r ,  and a body f l a p  t r i m  d e v i c e .  The 
e l e v o n s  are used  b o t h  f o r  l o n q i t u d i n a l  p i t c h  c o n t r o l ,  much l i k e  e l e v a t o r s ,  and f o r  
l a t e ra l  c o n t r o l ,  l i k e  a i l e r o n s .  These aerodynamic c o n t r o l  s u r f a c e s  are auqmented 
w i t h  onhoard r e a c t i o n  c o n t r o l  p i t c h  and y a w  j e t s  which are n e c e s s a r y  f o r  t h e  l o w  
dynamic p r e s s u r e  reqime. 
La rge  q u a n t i t i e s  of wind- tunne l  d a t a  w e r e  q a t h e r e d  d u r i n q  t h e  d e s i q n  of the 
s p a c e  s h u t t l e .  The accumula ted  d a t a  base d e s c r i b e s  the assumed aerodynamic cha rac -  
terist ics of t h e  s h u t t l e  o v e r  a wide range of f l i q h t  c o n d i t i o n s .  This data base, 
p u b l i s h e d  i n  r e f e r e n c e  1 ,  w i l l  be c a l l e d  h e r e i n  the p r e f l i q h t  or d a t a  book values. 
Nine  s h u t t l e  f l i g h t s  (STS-6, 7 ,  8 ,  1 1 ,  13, 17, 24, 26, and 30) were flown by the 
s h u t t l e  v e h i c l e  C h a l l e n g e r .  S i n c e  no a d d i t i o n a l  f l i q h t s  of this v e h i c l e  are pos- 
s ib l e ,  t h e  pu rpose  of t h i s  pape r  is t o  summarize the e x t r a c t i o n  of l a te ra l  s t a b i l i t y  
and c o n t r o l  d e r i v a t i v e s  from l a t e ra l  maneuver d a t a  o b t a i n e d  d u r i n q  e n t r y  of t h e  
C h a l l e n q e r  i n t o  t h e  a tmosphere .  The r e s u l t s  p r e s e n t e d  h e r e i n  c o n s t i t u t e  part of the 
r e s e a r c h  conducted  a t  Langley  Research  Center t o  a n a l y z e  t h e  aerodynamics  of the 
s h u t t l e  v e h i c l e  ( r e f s .  2-91. 
La te ra l  maneuver d a t a  were a v a i l a b l e  €or s i x  of the n i n e  f l i q h t s .  D u r i w  t w o  of 
t h e  f l i q h t s  (STS-24 ana  STS-30) no  d a t a  were measured; f o r  STS-26, the d a t a  w e r e  mea- 
s u r e d  b u t  n o t  a v a i l a b l e  f o r  a n a l y s i s .  Of t h e  remain inq  s i x  f l i q h t s ,  33 la teral  ma- 
n e u v e r s  s p e c i f i c a l l y  d e s i g n e d  f o r  pa rame te r  e x t r a c t i o n  ( c a l l e d  a Programmed Test 
I n p u t  or PTI)  were performed on f i v e  f l i q h t s ;  on the s i x t h  f l i q h t  (STS-171, f ive 
o t h e r  l a te ra l  maneuvers  were a n a l y z e d .  The 38 l a te ra l  maneuvers c o n s t i t u t e  the d a t a  
. 
base f o r  t h e  p r e s e n t  s t u d y .  Because of s a f e t y  c o n s t r a i n t s ,  t h e  maneuvers are n o t  
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optimal for  pa rame te r  e x t r a c t i o n ;  however t h e y  are t h e  best a v a i l a b l e  f l i q h t  data  for 
t h e  purpose  of t h i s  s t u d y .  The f l i q h t  e x t r a c t e d  v a l u e s  are compared t o  the p r e f l i q h t  
v a l u e s  of r e f e r e n c e  1. 
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Abbrev ia t ions  : 
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R e a c t i o n  C o n t r o l  Svstem 
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Space T r a n s p o r t a t i o n  S Y S  t e m  
T e s t  V e h i c l e  
The Orbiter c o n f i q u r a t i o n  is shown i n  fiqiire 1 and key p h y s i c a l  characteristics 
are y i v e n  i n  table 1. The t h i c k ,  doub le  de l t a  w i n s  is c o n f i q u r e d  w i t h  f u l l  s p a n  ele- 
vons,  comprised o f  t w o  p a n e l s  per side.  Each e l e v o n  p a n e l  is  i n d e p e n d e n t l y  a c t u a t e d .  
A l l  f o u r  p a n e l s  are d e f l e c t e d  s v m m e t r i c a l l y  as  a n  elevator f o r  p i tch  c o n t r o l ,  and  
l e f t  and r i q h t  e l e v o n s  are d e f l e c t e d  d i f f e r e n t i a l l y  as a n  a i l e r o n  (6a )  €or ro l l  
con t r  o 1. 
The body f l a p  is used as  the pr imary  l o n q i t u d i n a l  t r i m  device. The e l e v o n s  are 
proqrammed i n  c o n j u n c t i o n  w i t h  t h e  body f l a p  t o  follow a se t  s c h e d u l e  t o  provide the 
d e s i r e d  a i  l a r o n  e f f e c t i v e n e s s .  
The v e r t i c a l  t a i l  c o n s i s t s  of the  f i n  and a s p l i t  rudder .  The r u d d e r  p a n e l s  are 
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deflected s y m m e t r i c a l l y  for yaw c o n t r o l  and are separated to  ac t  as a speed b r a k e  to 
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p r o v i d e  €or s u b s o n i c  ene rqy  modulat ion.  The speed b r a k e  opens  f u l l y  (87.2 deqrees) 
j u s t  helow Mach 10 and then  follows a p rede te rmined  s c h e d u l e  u n t i l  Mach 0.9 is 
reached .  The r u d d e r  i s  n o t  a c t i v a t e d  u n t i l  Mach 5. 
S t a b i l i t y  a i q m e n t a t i o n  i s  p rov ided  by t h e  a f t  r e a c t i o n  c o n t r o l  sys t em (RCS) 
je ts ,  w i t h  the  forward je ts  r e s e r v e d  €or o n - o r b i t  a t t i t u d e  c o n t r o l  and  for aborts. 
The a f t  yaw j e t s  are act ive u n t i l  Mach 1,  w h i l e  the  p i t c h  and roll je ts  are t e r m i -  
n a t e d  a t  a p r e s s u r e  of 20 and 10 pounds per  s q u a r e  foot, respectively. A d d i t i o n a l  
d e t a i l s  of t h e  s h u t t l e  v e h i c l e  and i ts  systems are q i v e n  i n  r e f e r e n c e  1. 
Maneuvers 
During f l i q h t s  STS-6, 7, 8 ,  1 1 ,  and 13 ,  especially d e s i q n e d  Proqrammed T e s t  
I n p u t  (PTI)  maneuvers were performed to  o b t a i n  da ta  €or u s e  i n  e x t r a c t i n q  aerodynamic 
parameters. These maneuvers w e r e  performed to  o b t a i n  data a t  specific p o i n t s  d u r i n q  
t h e  d e s c e n t  trajectory.  The t e s t  p o i n t s  w e r e  chosen  so t h a t  aerodynamic  parameters 
c o u l d  be de te rmined  a lonq  the d e s c e n t  trajectorv t o  v e r i f y  t h e  aerodynamic  m o d e l  ob- 
t a i n e d  from the wind t u n n e l  tests. This v e r i f i c a t i o n  p rocedure  adds c o n f i d e n c e  to  
t h e  assumed aerodynamics  of t h e  s h u t t l e  where t h e r e  is aq reemen t  and p o i n t s  t o  areas 
of p o t e n t i a l  i n a c c u r a c y  where t h e r e  is no  aqreement .  
The actiial forms of the  i n p u t s  t o  be performed w e r e  developed u s i n q  a s h u t t l e  
s i m u l a t i o n  to q e n e r a t e  responses  for var ious  i n p u t s  and then extracting parameters 
from t h e s e  r e s p o n s e s .  The c o n t r o l  i n p u t s  t h a t  qave t h e  best  d e f i n i t i o n  of the param- 
eters  of i n t e r e s t  were then  used for t h e  f l i q h t  tests.  I n  sp i te  of t h e  care t a k e n  t o  
d e s i q n  e f f e c t i v e  i n p u t s  and because  t h e  a u t o m a t i c  c o n t r o l  svstem w a s  active,  t h e  con- 
t rols  w e r e  coup led  and t h e  r e s o l t i n q  r e s p o n s e s  w e r e  reduced  i n  maqnitude and corre- 
l a t e d  w i t h  each  other and the  c o n t r o l  i n p u t s .  T h i s  l e d  t o  i d e n t i f i a b i l i t y  problems 
and c o r r e l a t i o n  of parameters d u r i n q  the  e x t r a c t i o n  process. A d d i t i o n a l  de ta i l s  on 
t h e  maneuver d e s i q n  are q i v e n  i n  r e f e r e n c e  10. 
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I n s  t r i imen ta t ion  and nata  P r o c e s s i n q  
The shri t t lc?  is f u l l y  instr i i lnented and h a s  a number of r edundan t  sys t ems  f o r  mea- 
siirinq var io i i s  v e h i c l c  s t a t e s  and c o n t r o l s .  The i n s t r i imen t  packaqes w i l l  he men- 
t i o n e d  spec i f  ica 1 ly. F i r s t  is t h e  Aerodynamic C o e f f i c i e n t  I d e n t i f i c a t i o n  Packaqe 
( A C I P )  , a n  i n s t r u m e n t a t i o n  packaqe spec i f ica l ly  d e s i q n e d  to  measure rates, and  accel- 
e r a t i o n s  and c o n t r o l  s u r f a c e  p o s i t i o n s  r e q u i r e d  for parameter i d e n t i f i c a t i o n .  The 
ACIP d a t a  were recorded a t  170 samples  per second.  Second is  t h e  i n s t r u m e n t a t i o n  € o r  
t h e  S l i q h t  q u i d a n c e  and c o n t r o l  sys tem,  the R a t e  Gyro Assembly, and Accelerometer 
Assembly ( R G A , A A ) ,  which is a s o u r c e  €or a c c e l e r a t i o n  and rate measurements. The 
R G A , A A  data are recorded a t  25 samples per second b u t  is  v e r y  no i sy .  The t h i r d  
s o u r c e  of f l i q h t  measurements is the  n a v i q a t i o n  i n s t r u m e n t a t i o n ,  t h e  I n e r t i a l  Mea- 
su remen t  TJnit ( I W J ) .  The I M r J  measurements are h i q h  f i d e l i t y  b u t  are recorded a t  only 
one sample per second which  l i m i t s  t h e i r  usefulness. 
The K I P  data are t h e  p r imary  s o u r c e  € o r  l i n e a r  and a n q u l a r  a c c e l e r a t i o n s ,  anqu- 
l a r  rates,  and c o n t r o l  s u r f a c e  d e f l e c t i o n s .  However t h e s e  data w e r e  f u l l y  available 
o n l y  €or f l i q h t s  STS-6, 7, and 8. On f l i q h t s  STS-11 and 13 t h e  yaw rates fai led t o  
he r eco rded ;  a n  attempt t o  compensate  €or t h i s  loss was made by  i n c o r p o r a t i n q  RGA yaw 
rate  measurements. However i n  t h i s  s t u d y  better estimates f o r  over h a l f  the maneu- 
v e r s  on t h e  t w o  F l i q h t s  w e r e  found usincJ I M T J  rather t h a n  RGA-corrected ACIP measure- 
inents. On S l i q h t  STS-17 a power loss r e s u l t e d  i n  a f a i l u r e  of a n y  ACIP data to  be 
reco rded ;  pa rame te r  e x t r a c t i o n  w a s  based s o l e l y  on RGA, AA measurements. For a l l  the 
f l i q h t s  , RCS chamber p r e s s u r e s  w e r e  used to  d e t e r m i n e  j e t  t h r u s t ;  these measurements 
came from t h e  v e h i c l e  o p e r a t i o n a l  i n s  t r u m e n t a t i o n .  
The d a t a  c o n s i d e r e d  most re l iab le  were used  to  q e n e r a t e  a best estimated trajec- 
t o r y  (RET) f o r  the s h u t t l e  vehicle.  The data w r i t t e n  t o  t a p e s  €or the pa rame te r  
e x t r a c t i o n  c o n s i s t e d  of o n l y  those maneuvers c o n s i d e r e d  appropriate €or e x t r a c t i o n .  
The l i n e a r  and a n q u l a r  rates and c o n t r o l  s u r f a c e  d e f l e c t i o n s  came from the K I P  
i n s t r u m e n t a t i o n  e x c e p t  as no ted .  The BET a n q u l a r  rates and l i n e a r  a c c e l e r a t i o n s  at 
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t h e  s ta r t  o f  a maneuver were t aken  as  i n i t i a l  c o n d i t i o n s ,  and t h  rates .Id accelera- 
t i o n s  were i n t g r a t e d  o v e r  time to  o b t a i n  a n q u l a r  p o s i t i o n s  and vehicle velocities. 
The v e l o c i t i e s  were then  corrected For the  e f f e c t  of winds,  and the r e s u l t i n q  compo- 
n e n t s  were u s e d  to  c a l c u l a t e  t h e  v e h i c l e  t o t a l  v e l o c i t y ,  anqle of a t t a c k ,  and  anqle 
of s i d e s l i p .  This combined data s e t  i s  recorded a t  25  samples per second and  com- 
p r i s e s  t h e  data c o n t a i n e d  on t h e  tape to  be processed by the parameter e x t r a c t i o n  
s o f t w a r e .  A d d i t i o n a l  d e t a i l s  on t h e  i n s t r u m e n t a t i o n  and d a t a  processinq c a n  be found 
i n  r e f e r e n c e s  1 1 ,  1 2 ,  and 13 .  
a 
Equa t ions  of Motion 
The l a t e r a l - d i r e c t i o n  e q u a t i o n s  of motion used  i n  t h i s  s t u d y  are based on per- 
t i i r h a t i o n s  a b o u t  trimmed f l i q h t  c o n d i t i o n s  and are w r i t t e n  re la t ive t o  the hody axes 
shown i n  f i q u r e  1 .  The e q u a t i o n s  are 
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The r e s u l t s  of  t h i s  study are based on mneuvers performed a t  v e l o c i t i e s  o f  
Mach 1 and higher.  For t h i s  reason the terms conta in ing  v e l o c i t y  are s u f f i c i e n t l y  
s m a l l  that  the equations o f  m t i o n  are considered e s s e n t i a l l y  i n s e n s i t i v e  t o  the 
and C,.; therefore,  these de r i va t i ves  are  f i x e d  
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r o t a r y  d e r i v a t i v e s  and t o  
a t  zero throughout t h i s  study. 
Time h i s t o r i e s  of f i v e  masured  quan t i t i es  w r e  f i t  du r ing  the es t imat ion  
process. These are  the s i d e s l i p  angle ( p ) ,  r o l l  and y a w  ra tes  (p , r ) ,  l a t e r a l  
acee le ra t ion  (av) ,  and bank angle (+).  
Max i mm L i ke I i hood Es t ima t i on 
S t a b i l i t y  and con t ro l  de r i va t i ves  w r e  ex t rac ted  us ing the maximm l i k e l i h o o d  
est imator .  Pmong o ther  s t a t i s t i c a l  p roper t ies ,  the m a x i m u n  l i k e l i h o o d  est imator  
i s  e f f i c i e n t  and a s m t o t i c a l l y  unbiased. T h i s  e s t i m t o r  cons is ts  o f  maximizing 
the l i k e l i h o o d  func t i on  o f  the masurement e r ro rs ,  which i s  the product o f  the 
p r o b a b i l i t y  dens i ty  funct ions evaluated a t  each masurement time. This approach 
requires tha t  the form o f  the measurement e r r o r  d i s t r i b u t i o n  i s  known; i t  i s  
normal ly assuned t h i s  d i s t r i b u t i o n  i s  Gaussian. 
I t  i s  assuned the actual  system can be modeled a s  
8 
, where equat ion ( 8 )  is a v e c t o r  r e p r e s e n t a t i o n  of e q u a t i o n s  ( 1 )  t o  ( 4 )  and e q u a t i o n  
( 9 )  is a v e c t o r  r e p r e s e n t a t i o n  of t h e  measurements. I n  these e q u a t i o n s ,  X is t h e  
s t a t e  v e c t o r ,  17 the vector of c o n t r o l s ,  9 t h e  vector of s t a b i l i t y  and c o n t r o l  
d e r i v a t i v e s ,  t is  t i m e ,  and ei t h e  vector of measurement n o i s e  for  the measure- 
ments a t  t i m e  ti. 
If it  is  assumed t h a t  t h e  measurement n o i s e  is Gauss ian ,  t h e n  the l i k e l i h o o d  
f u n c t i o n  ( r e f .  1 4 )  i s  
k 
1 
i = l  
L ( Y , 9 )  = [(2n)4R]-k’2exp{- - 2 [ Y  M 1  ( t . )- Y ( t i ) ] ’  R-’ [ Y M ( t i )  - Y ( t i ) ] }  
where t h e  s u b s c r i p t  M d e n o t e s  a c t u a l  measurements and R is  t h e  measurement co- 
v a r i a n c e  m a t r i x .  Takinq t h e  n a t u r a l  loqarithm of e q u a t i o n  (10)  and m u l t i p l y i n q  by -1  
y i e  Ids t h e  cos t f u n c t i o n  
N 
i = l  
1 
J ( 9 )  = -1w L(Y,O) = - 2 c [ Y  M i  ( t . )- . ( t i l l T  R-l [ Y M ( t i )  - Y ( t i ) ]  
Maximiza t ion  of e q u a t i o n  ( 1 0 )  w i t h  respect t o  9 is e q u i v a l e n t  t o  m i n i m i z a t i o n  O f  
e q u a t i o n  ( 1 1  1 w i t h  respect t o  9. The l a s t  term on t h e  r i q h t  is  c o n s t a n t  re la t ive  t o  
9 and c a n  be n w l l e c t e d ;  if R is known, t h e  second term c a n  a l so  he n e q l e c t e d  €or 
t h e  same reason .  Minimiza t ion  of t he  remaininq term r e s u l t s  i n  solvinq VJ A = 0 
which q i v e s  the  estimates 
0=9 
9 
CI 
S i n c e  a sequence  of estimates, 
w i t h  i n i t i a l  parameter estimates, 
Oj, are o b t a i n e d  i t e r a t i v e l y ,  t h e  process must b e q i n  
A 
(SOm 
If R is unknown i n  e q u a t i o n  ( l l ) ,  d i rec t  min imiza t ion  of J ( 9 )  w i t h  respect 
to  Q and R is complicated by t h e  f a c t  t h a t  R is a n  i m p l i c i t  f u n c t i o n  of 0. A 
s impler  approach  i s  to  minimize w i t h  respect t o  0 and R independen t ly .  Minimiza- 
t i o n  of e q u a t i o n  ( 1 1 )  w i t h  respect t o  R y i e l d s  
A 
The p rocedure  used h e r e  is, f i r s t ,  assuminq R is d i a q o n a l  w i t h  i n i t i a l  esti- 
mates €or t h e  d i a q o n a l  e l emen t s ,  i t e ra te  e q u a t i o n  ( 1 2 )  s e v e r a l  times. Then, on each 
succeed inq  i t e r a t i o n ,  f i r s t  estimate R u s i n q  t h e  most r e c e n t  v a l u e  of Q i n  equa- 
t i o n s  ( 9 )  and  ( 1 3 1 ,  and t h e n  apply e q u a t i o n  ( 1 2 )  once  u s i n q  R i n  J(0). This two 
A A 
1 
s t ep  process is r e p e a t e d  each  i t e r a t i o n  t o  converqence.  
The computer  software used  t o  o b t a i n  t h e  maximum l i k e l i h o o d  estimates is  MMLE3 
( r e f .  1 4 ) .  A d e t a i l e d  d e s c r i p t i o n  of t h e  software c a n  be found i n  t h e  r e f e r e n c e .  
A n a l y s i s  and R e s u l t s  
I n  t h i s  s e c t i o n  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  are d i s c u s s e d .  These  r e s u l t s  
are based on e x t r a c t i n q  the  stability and c o n t r o l  d e r i v a t i v e s  from 38 maneuvers on 
t h e  s i x  f l i q h t s .  The time span  for  t h e  measurements o b t a i n e d  Aurinq the maneuvers 
ranqed  from 4 t o  15  seconds  w i t h  t h e  measurements sampled 25 times a second.  
The e s t i m a t i o n  approach taken  here is hased on i n f o r m a t i o n  c o n t a i n e d  i n  measured 
a c c e l e r a t i o n s  and rates, v a r i o u s  trajectory parameters and the  measured atmosphere. 
The method of a n a l y z i n q  a t m o s p h e r i c  measurements which a c c o u n t s  f o r  spa t ia l ,  d i u r n a l ,  
and s e m i d i u r n a l  c o r r e c t i o n s  is  described by Price (ref. 15) .  This a t m o s p h e r i c  i n fo r -  
mat ion  is combined w i t h  onhoard measurements of a c c e l e r a t i o n s  and rates i n  order t o  
10 
c o n s t r u c t  t h e  t r a j e c t o r y  ( r e f .  16)  which is nsed f o r  e s t i m a t i n q  t h e  s t a b i l i t y  and 
4 
c o n t r o l  d e r i v a t i v e s .  
I n  t h e  r e s i i l  tS presentf4, moment  d e r i v a t i v e s  are r e l a t i v e  t o  t h e  f l i q h t  center 
o€ q r a v i t y  arid were e s t i m a t e d  wi th  r o t a r y  d e r i v a t i v e s  f i x e d  a t  z e r o  and 
a t  t h e  d a t a  book v a l u e  of 0.00042 per deqree .  A l l  mass p r o p e r t i e s  and c e n t e r  of 
Cy& 
f i x e d  
q r a v i t y  i n f o r m a t i o n  w e r e  s u p p l i e d  by NASA Johnson Space C e n t e r  and are shown i n  ta- 
b l e  1 .  "he we iqh t inq  m a t r i x  ( i n v e r s e  of t h e  measurement n o i s e  covariance matr ix ,  R )  
A 
was i n i t i a l l y  set  to  a d i a q o n a l  m a t r i x  wi th  t h e  v a l u e s  796.3, 234.8, 4324, 237.5, and 
21820. These v a l u e s  co r re spond ,  r e s p e c t i v e l y ,  t o  t h e  measured variables 8, p, r ,  4, 
and a E s t i m a t i o n  of R u s i n q  e q u a t i o n  ( 1 3 )  beqan on i t e r a t i o n  4 for each  maneu- 
v e r ;  from 8 t o  20 i t e r a t i o n s  were r e q u i r e d  f o r  converqence.  
Y'  
The e x t r a c t e d  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  w i l l  be p r e s e n t e d  i n  f i q u r e s  as 
€ u n c t i o n s  of Mach number. Both f l i q h t - e x t r a c t e d  and p r e d i c t e d  v a l u e s  a lonq  w i t h  
v a r i a t i o n s  a s s o c i a t e d  wi th  t h e  p r e d i c t e d  v a l u e s  w i l l  be shown. For example, f i q u r e  2 
shows r o l l i n 7  moment due t o  s i d e s l i p  anqle a s  a f u n c t i o n  of Mach number w i t h  t h e  pre- 
d i c t e d  v a l u e s  (PI and v a r i a t i o n s  (VI i n d i c a t e d  by s o l i d  l i n e s ,  t h e  e x t r a c t e d  v a l u e s  
by t h e  symhol "+". "he p r e d i c t e d  v a l u e s  a r e  based on d a t a  book v a l u e s ,  co r re spond inq  
I 
t o  f l i q h t  7, which are t h e  r e s u l t  of numerous p r e f l i q h t  tests of s h u t t l e  aerodynamics 
( r e f .  1 ) .  The v a r i a t i o n s  ref lect  u n c e r t a i n t i e s  in t h e  data hook values; they are 
based on d i f f e r e n c e s  between f l i q h t  and p r e d i c t e d  resiilts f o r  p r e v i o u s l y  r e s e a r c h e d  
a i r c r a f t  and e x t r a p o l a t e d  to t h e  s h u t t l e  c o n f i q u r a t i o n .  
L a  tcra 1-nirec ti onn 1 Moment D e r i v a t i v e s  
C -- m t r a c t e d  v a l u e s  o€ t h e  r o l l i n q  moment due t o  s i d e s l i p  are shown i n  f i q -  
% 
tire 2. m c e p t  f o r  a few o u t l i e r s ,  t h e  v a l u e s  f a l l  w i t h i n  t h e  var ia t ions .  Above Mach 
7 t h e  f l i q h t  r e s u l t s  are  s l i q h t l y  more p o s i t i v e  than  t h e  p r e d i c t e d  v a l u e s ,  showinq 
less s t a b i l i t y  t h a n  p r e d i c t e d .  S i m i l a r  resu l t s  have been r e p o r t e d  by  Maine and I l i f f  
( r e f .  1 7 )  and K i r s t e n  e t  a l .  ( r e f .  18) .  The estimates i n  t h e  reqion above Mach 22 
- 
a r e  q e n e r a l l y  based on maneuvers havinq l o w  dynamic p r e s s u r e  (4 C 10 p s f ) ,  makinq i t  
11 
I d i f f i c u l t  t o  e s t i m a t e  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s .  This c i r cums tance  may par- 
t i a l l y  accoiirit For t h e  e s t i m a t e s  l v i n q  o u t s i d e  t h e  v a r i a t i o n  hand. 
R e l o w  Mach 7 t h e  estimates are h i q h l y  scattered. A t  t h e  l o w e s t  Mach numbers, 
bo th  a i l e r o n  and rudde r  c o n t r o l s  a r e  s i m u l t a n e o u s l y  a c t i v e .  A s  p r e s e n t l y  c o n f i q u r e d ,  
i t  i s  n o t  p o s s i b l e  t o  nerform maneuvers which a l l o w  i s o l a t e d  c o n t r o l  s u r f a c e  mot ions ,  
t h u s  makinq i t  d i f f i c u l t  t o  a c c u r a t e l y  separate t h e  e f f e c t s  of d i f f e r e n t  s u r f a c e s .  
S i q n i f i c a n t  d i f f e r e n c e s  i n  e x t r a c t e d  c o e f f i c i e n t s  have been no ted  hetween v a l u e s  when 
e s t i m a t i n q  rudde r  parameters v e r s u s  n o t  estimatirw r u d d e r  parameters for the same m a -  
neuver  ( r e f .  4 ) .  Fur the rmore ,  as the f i q u r e  shows, the  u n c e r t a i n t y  i n  the  estimates 
I qrow d r a m a t i c a l l y  below Mach 3. The o u t l i e r s  below Mach 5 o c c u r r e d  on f l i q h t s  11 and 
~ 
17. G e n e r a l l y ,  t h e r e f o r e ,  resu l t s  helow Mach 5 must  be a c c e p t e d  w i t h  c a u t i o n .  
I S i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  Columhia f l i q h t  d a t a  ( r e f .  9 ) .  
-- R e s u l t s  f o r  the vawinq moment due t o  s i d e s l i p  are shown i n  Ciqure 3. 
B 
‘n 
T h i s  c o e f f i c i e n t  i s  similar t o  t h e  r o l l i n q  moment due to  s i d e s l i p  i n  that  t h e r e  is 
I c o n s i d e r a b l e  s c a t t e r  helow Mach 7 and t h e  estimates q e n e r a l l y  l i e  w i t h i n  the v a r i a -  
t i o n  band above Mach 7. T h i s  c o e f f i c i e n t  t e n d s  t o  be less n e q a t i v e  t h a n  p r e d i c t e d  
helow Mach 5 and more n e q a t i v e  w i t h  a q e n e r a l  downtrend above Mach 7. The larqe o u t -  
l i a r  n e a r  Mach 1 and t h e  o u t l i e r  a t  Mach 14  o c c u r r e d ,  r e s p e c t i v e l y ,  on STS-17 and 
STS- 1 3 .  
L a t e r a l  C o n t r o l  W r i v a t i v e s  
C -- Fiqiire 4 shows the restilts f o r  t h e  roll inq moment due  to  a i l e r o n .  R e l o w  
Mach 7, t h e  a i l e r o n  t e n d s  t o  he lass e f f e c t i v e  t h a n  predicted; ahove Mach 15, a i l e r o n  
6a 
e f f e c t i v e n e s s  t e n d s  t o  he q r e a t e r  t han  predicted.  The t h r e e  o u t l i e r s  i n  the lower 
l e f t  corner of the f i q u r e  w e r e  e x t r a c t e d  Prom STS-17 d a t a  ( a l l  measurements from t h e  
RGA, m, and no  PTI maneuvers) .  I n  q e n e r a l ,  a i l e r o n  e f f e c t i v e n e s s  t e n d s  to i n c r e a s e  
w i t h  i n c r e a s i n q  Mach number. 
L 
I * 
-- In q e n e r a l  the  c o e f f i c i e n t  of vaw due to  a i l e r o n  ( f i q .  5 )  t e n d s  t o  be 
6a ‘n 
less e f f e c t i v e  than  predicted,  a l t h o u y h  almost a l l  of t h e  e x t r a c t e d  v a l u e s  l ie  w i t h i n  
12 
t h e  v a r i a t i o n s .  The p o s i t i v e  v a l u e s  below Mach 3 are h i q h l y  s u s p e c t  i n  v i e w  of t h e  
larcle u n c e r t a i n t y  at t h e  l o w  Mach numbers. 
The lowered e f f e c t i v e n e s s  of ho th  a i leron d e r i v a t i v e s  is c o n s i s t e n t  w i t h  the 
Columbia r e s u l t s  i n  r e f e r e n c e  9. Th i s  c o n c l u s i o n  is e s p e c i a l l y  t r u e  for both t h e  
C h a l l e n q e r  and t h e  Columhia o r b i t e r s  below Mach 7. 
C -- The r o l l i n q  moment due t o  r u d d e r  i s  shown i n  S i q u r e  6 .  A l m o s t  a l l  of 
t h e  estimates l i e  w i t h i n  one v a r i a t i o n  of t h e  d a t a  book va l i ies  and show this d e r i -  
' 6 r  
v a t i v e  t o  he close t o  what w a s  p r e d i c t e d .  S i n c e  most v a l u e s  are less than t h e  d a t a  
book v a l u e s ,  t h e r e  i s  a s u q q e s t i o n  t h a t  t h e  rudde r  may be somewhat less e f f e c t i v e  
than  p r e d i c t e d ,  e s p e c i a l l y  below Mach 2.5. The n e q a t i v e  o u t l i e r  a t  Mach 1 w a s  ex- 
t r a c t e d  from f l i q h t  17 d a t a .  
c -- F i q u r e  7 shows t h e  vawinq moment due t o  rudde r .  Most of t h e  f l i q h t  n 
6 K  
v a l u e s  l i e  w i t h i n  one v a r i a t i o n  of t h e  d a t a  book v a l u e .  However, a l l  of t h e  v a l u e s  
a l so  i n d i c a t e  t h e  rudde r  t o  he less e f f e c t i v e  than  p r e d i c t e d .  For h o t h  r u d d e r  d e r i v -  
a t i v e s  t h e  C h a l l e n q e r  r e s u l t s  conf i rm t h e  Columhia r e s u l t s  (ref.  9 )  which showed 
t h e s e  d e r i v a t i v e s  to  he less e f f e c t i v e  than  p r e d i c t e d .  
S i d e  Force D e r i v a t i v e s  
c -- G e n e r a l l y ,  t h e  s ide f o r c e  d e r i v a t i v e s  are s l i q h t l v  more d i f f i c u l t  t o  
Y 
6a 
es t imate  because t h e  s i q n a l  i n p u t  to  t h e  e s t i m a t i o n  p r o q r a m  has a v e r y  s m a l l  siqnal 
to  n o i s e  r a t i o .  In  a d d i t i o n ,  f o r c e  s i q n a l s  t end  to  look t h e  same r e q a r d l e s s  of 
c a u s e ,  and hence ,  i t  is d i f f i c i i l t  f o r  t h e  p r q r a m  t o  decompose t h e  s i q n a l  i n t o  caus- 
is v e r y  s m a l l  (0.00042) compared t o  other force a t i v e  components.  Thus, s i n c e  (1 
d e r i v a t i v e s ,  i t  was n o t  possible t o  q e t  a c o n s i s t e n t  estimate of  t h i s  d e r i v a t i v e  w i t h  
Y 
6a 
a p p e a r s  t o  a l i a s  t h e  RCS s i d e  f o r c e  derivative when 
6a 
h i q h  c o n f i d e n c e .  F l i r t h e r ,  
i t  i s  e s t i m a t e d .  T h e r e f o r e ,  €or a l l  cases p r e s e n t e d  i n  t h i s  r e p o r t  w a s  f i x e d  
a t  t h e  d a t a  hook v a l u e .  
C y  
-- S i d e  f o r c e  d e r i v a t i v e  wi th  respect t o  s i d e s l i p  anqle i s  shown i n  f i q -  
B 
u r e  8. Of t h e  t e n  o u t l i e r s ,  s even  a r e  from t h e  f l i q h t s  (11 ,  13, and 1 7 )  for  which 
1 3  
4 C I P  i n f o r m a t i o n  w a s  m i s s i n q .  Five of t h e  o u t l i e r s  occur  below Mach 2 which is  a 
r e q i o n  of q t e a t  u n c e r t a i n t y ;  e x c e p t  f o r  t h e  t w o  pos i t ive  v a l u e s ,  t h e  remaininq t h r e e  
v a l u e s  may he r edsonab le .  Most v a l u e s  are modera t e ly  scattered w i t h i n  t h e  v a r i a t i o n  
boiinds. Both t h e  o u t l i e r s  and t h e  v a l u e s  w i t h i n  t h e  v a r i a t i o n  bounds tend t o  be more 
p o s i t i v e  t h a n  t h e  data book v a l u e s .  This suqqests t h e  s h u t t l e  v e h i c l e  is less stable 
than  t h e  d a t a  book i n d i c a t e s ,  i n  aq reemen t  w i t h  r e f e r e n c e  9. 
-- The side force due to  r u d d e r  q i v e n  i n  f i q u r e  9 i n d i c a t e s  a c o n s i d e r a b l e  
6r 
sca t te r  i n  t h e  estimates below Mach 2 where t h e r e  is qreat  u n c e r t a i n t y .  These re- 
suits may be i n d i c a t i v e  of t h e  a fo remen t ioned  small s i q n a l  t o  n o i s e  r a t i o  i n  t h e  on- 
board a c c e l e r o m e t e r s  and t h e  ensuinq  d i f f i c u l t y  i n  decomposinq t h e  s i q n a l .  Above 
Mach 2 t he  v a l u e s  are close to  t h e  predicted b u t  i n d i c a t e  t h e  r u d d e r  t o  be less 
I e f f e c t i v e  t h a n  p r e d i c t e d .  Compared to  t h e  Columbia r e s u l t s  (ref. 9)  which w e r e  
h i q h l y  scattered, the C h a l l e n q e r  v a l u e s  show a d e f i n i t e  t r e n d .  
RCS D e r i v a t i v e s  
The RCS jets were treated i n  MMLE3 as i f  t h e y  were a n  a d d i t i o n a l  aerodynamic 
c o n t r o l  s u r f a c e .  The s o l u t i o n s  w e r e  o b t a i n e d  t h r o u q h o u t  t h e  speed ranqe €or s i d e  
f o r c e ,  rol l inq-moment ,  and yawinq-moment d e r i v a t i v e s  d u e  to  yaw j e t  f i r i n q s .  I n  this 
pape r ,  yaw j e t  e v a l u a t i o n  i s  p r e s e n t e d  as a f u n c t i o n  of Mach number on a per j e t  ba- 
I 
I sis. Comparisons are  made t o  STS-7 p r e f l i q h t  v a l u e s  based on known vacuum t h r u s t  
c o r r e c t e d  for  a l t i t u d e  e f f e c t s .  Because t h e  a l t i t u d e  prof i les  of t h e  s i x  f l i q h t s  are 
s l i q h t l y  d i f f e r e n t ,  t h e  f l i q h t  v a l u e s  w i l l  d i f f e r  somewhat from the  p r e f l i q h t  v a l u e s  
p r e s e n t e d  here. Flirthermore, t h e  pref l i q h t  v a l u e s  have  n o t  been  corrected € o r  f l o w -  
f i e l d  i n t e r a c t i o n s .  
C -- Side  f o r c e  due  t o  yaw j e t  f i r i n q  i s  shown i n  f i q u r e  10. The d i f P e r -  
YRCS 
e n c e s  between p r e d i c t e d  and f l i q h t  v a l u e s  can  be a t t r i b u t e d  to  j e t - i n t e r a c t i o n  e€- P 
fects  c o n s i s t i n q  of f l ow- f i e ld  i n t e r a c t i o n s  and v e h i c l e  impinqements, i n  a d d i t i o n  t o  
t h e  a fo remen t ioned  a l t i t u d e  p r o f i l e  d i f f e r e n c e s .  The f i q u r e  shows q o d  aqreemen t  
& 
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between f l i q h t  and pred ic ted  v a l u e s  w i t h  an  i n d i c a t i o n  t h a t  t h e  yaw jets are somewhat 
more e f f e c t i v e  than predicted. 
T -- The F l i q h t  v~\~IIP.!; for t h e  yawinq moment due t o  yaw jets shown i n  f i q -  
n 
R C S  
UKF! 1 1  q e n e r a l l y  aqree w e l l  w i t h  t h e  p r e d i c t e d  va l i ies .  C o n s i d e r i n q  the s o u r c e s  of 
d i f f e r e n c e s  no ted  p r e v i o u s l y ,  t h e  yaw jets are a p p a r e n t l y  less effect ive t h a n  pre- 
d i c t e d  by  n o t  more t h a n  10  p e r c e n t .  The lowered e f f e c t i v e n e s s  is  p a r t i c u l a r l y  
e v i d e n t  i n  the Mach 1 0  t o  20 ranqe .  
C -- I n  t h e  case of the ro l l . inq  moment due  t o  yaw j e t s  shown i n  f i q u r e  12, 
t h e  d i f f e r e n c e s  between f l i q h t  and pred ic ted  v a l u e s  are s i q n i f i c a n t l y  lamer. This 
%CS 
s m j q e s t s  q r e a t e r  i n t e r a c t i o n  e f fec ts  t h a n  s e e n  i n  t h e  p r e v i o u s  t w o  derivatives.  The 
qreater  s c a t t e r  i n  t h i s  d e r i v a t i v e  across the Mach ranqe i n d i c a t e s  there is a lso  much 
more v a r i a b i l i t y  i n  t h e  i n t e r a c t i o n s .  V e r i f i c a t i o n  of t h e  i n t e r a c t i o n s  a t  a f e w  
p o i n t s  u s inq  the Development F l i q h t  I n s t r u m e n t a t i o n  ( D F I )  i s  q i v e n  i n  r e f e r e n c e s  4 
and 9. Thus, i t  appears t h a t  t h e  lower e f f e c t i v e n e s s  of t h i s  der ivat ive can be 
l a r q e l y  a t t r i b u t e d  to f l o w - f i e l d  i n t e r a c t i o n s  which were n o t  o r i q i n a l l y  modeled i n  
the da ta  book v a l u e s .  
O v e r a l l ,  t h e  RCS d e r i v a t i v e s  e x t r a c t e d  from t h e  C h a l l e n q e r  f l i q h t s  are compara- 
ble to  those o b t a i n e d  from t h e  Columbia f l i q h t s .  That is, € o r  b o t h  f l i q h t s  the same 
4CS d e r i v a t i v e s  a re  less/more ef fec t ive  o v e r  t he  s a m e  Mach ranqes. 
CONCLl JDING REMARKS 
'The l a t e ra l  s t a b i l i t y  and c o n t r o l  of t h e  s h u t t l e  orbiter C h a l l e n q e r  h a s  been  
a n a l y z e d  o v e r  t h e  h y p e r s o n i c  speed ramie of Mach 1 t o  Mach 25. A c c e l e r a t i o n  and  rate 
measurements  made d u r i n g  38 l a t e ra l  maneuvers on f l i q h t s  6, 7, 8 ,  11 ,  13, and 17 w e r e  
used i n  a maximum l i k e l i h o o d  e s t i m a t i o n  prqram t o  e x t r a c t  t h e  aerodynamic  coeffi- 
c i e n t s .  The f l i q h t - d e r i v e d  c o e f f i c i e n t s  were compared t o  p r e f l i q h t  da ta  book v a l u e s  
- 
and p r e v i o u s l y  o h t a i n e d  v a l u e s  from f l i q h t s  of t h e  Columbia s h u t t l e  vehicle. 
1 5  
The e x t r a c t e d  s t a b i  l i t v  and c o n t r o l  d e r i v a t i v e s  w e r e  u s u a l l y  w i t h i n  one varia- 
t i o n  of t h e  I ’ r e f l i q h t  values,  a l t h o u q h  the scatter i s  q e n e r a l l y  q r e a t e r  below Mach 5. 
S e v e r a l  c o e f f i c i e n t s  were foilnd t o  be somewhat less e f f e c t i v e  t h a n  p r e d i c t e d ;  t h i s  is  
particularly true f o r  t h e  a i leron d e r i v a t i v e s  below Mach 7. The yaw j e t  r e s u l t s  show 
t h e s e  j e t s  t o  be f u l l y  e f f e c t i v e  r e q a r d i n q  s i d e  force. On t h e  o t h e r  hand, t h e  yaw 
jets a p p e a r  to  be o n l y  a b o u t  90 p e r c e n t  e f f e c t i v e  i n  terms of t h e  yawinq and r o l l i n q  
moments. For t h e  l a t te r  d e r i v a t i v e ,  t h e  l o w e r  e f f e c t i v e n e s s  is a p p a r e n t l y  due  t o  
f low- f i e ld  i n t e r a c t i o n s .  A 1 1  of t h e  c o n c l u s i o n s  o b t a i n e d  from t h e  C h a l l e n q e r  d a t a  
aqree wi th  and r e i n f o r c e  those o b t a i n e d  p r e v i o i i s l y  from Columbia d a t a  (ref. 9) .  
16 
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TABLE 1 .  ENTRY PHYSICAL CHARACTERISTICS OF SPACE SHlJTTLE CHALLENGER 
Mass p r o p e r t i e s  ( ranqe €or s i x  f l i q h t s ) :  
Mass, kq ................................................. 56,514 - 93,191 
Moments of i n e r t i a  ( r a n q e  €or s i x  f l i q h t s ) :  
2 
2 
Ix, k q - m  .......................................... 1,201,401 - 1,224,002 
.......................................... 8,904,347 - 9,435,717 
kq-m' .......................................... 9,306,246 - 9,844,278 
176,584 - 202,778 
17,' 
3 
Ixz, kq-m- ......................................... 
rqinq : 
2 R e f e r e n c e  area, m ................................................ 249.91 
Mean aerodynamic  chord ,  m ......................................... 12.06 
Span, m ........................................................... 23.79 
Elevon (per s i d e ) :  
2 Refe rence  area, m ................................................. 19.51 
Mean aerodynamic  chord ,  m .......................................... 2.30 
Rudder ( p e r  s i d e  p a n e l ) :  
2 R e f e r e n c e  area,  m .................................................. 9.30 
Mean aerodynamic  chord ,  m ........................................... 1.86 
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Senses indicated 
are posit ive.  
Figure 1.- Schematic o f  STS body axes 
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